The influence of the experimental boundary conditions used for tensile testing of individual nanowires on the measured apparent mechanical response is reported. Using a microelectromechanical platform designed for in situ tensile testing, in combination with digital image correlation of sequences of scanning electron microscope images, the mechanical behavior of single crystalline Si, Pd, and Ge 2 Sb 2 Te 5 nanowires was measured during load-unload cycles. In situ testing enables direct determination of the nanowire strain.
Introduction
The need to accurately determine the mechanical behavior of nanowires and nanotubes is predicated on developing predictable and reliable devices employing quasi-one-dimensional nanostructures (hereafter referred to as nanowires) as functional building blocks. Many such nanoscale elements are subjected to extreme mechanical duress during routine use in applications such as nanoelectromechanical (NEMS) devices, electrodes for energy storage devices [1] [2] [3] , and novel atomic force microscope (AFM) tips [4] [5] [6] . Many experimental techniques have consequently been developed in recent years to accurately interrogate the mechanical response of nanowires, which often show behavior distinct from that of their bulk material counterparts. The most direct methods of mechanical testing use nominally uniaxial states of stress, which yield the most accurate measurements of mechanical properties owing to a uniform stress state with relatively weak dependence on geometry, which is often difficult to properly measure and thus can contribute strongly to measurement uncertainties associated with difficult nanoscale measurements. Moreover, tensile testing modalities circumvent problems associated with compressive testing such as contact friction and stress gradients near the specimen gage section. Accordingly, a number of experimental schemes for applying displacement and measuring load on individual nanowires in tensile geometries have been devised. Among these are microelectromechanical systems (MEMS)-based devices [7] [8] [9] [10] [11] [12] [13] [14] , push-to-pull devices [15] [16] [17] , and systems consisting of a nanomanipulator and a cantilever load cell [18] [19] [20] [21] or two AFM cantilevers [22] . Specimen strain has been determined in a variety of ways, e.g. measuring the displacement between the edges of the grips from electron micrographs [7-9, 17, 22] , using digital image correlation (DIC) of optical [14] or scanning electron microscope (SEM) [13, 14, 16, 19, 21] images, using capacitative sensors [10] [11] [12] , or using a nanoindenter [15] . Despite significant advances in such techniques, the large range of properties and behavior reported from nanowire measurements suggests the role of testing artifacts beyond the errors due to measurement of nanowire geometry alone.
Central to the establishment of a tensile stress within a specimen are strong and stiff clamps that properly secure the nanowire to the testing grips. A large fraction [7-10, 12-14, 16-22] of the aforementioned nanowire tensile testing methods rely on mechanical clamps synthesized by electron-beam induced deposition (EBID) of either contaminant hydrocarbons present in the SEM chamber via surface decomposition, or EBID or ion-beam induced deposition (IBID) from an organometallic precursor gas containing platinum, gold, tungsten, copper, molybdenum, iron, or cobalt [23] . The properties, in particular the stiffnesses, of these clamps are critically important since strain is often measured using the grip displacement [7, 8, 10-13, 15, 17-22] ; any deformation of the clamps would be incorporated into the apparent deformation of the specimen. Some experimental work has been performed measuring the stiffness of the clamping material itself. For instance, the Young's modulus of metal-free EBID deposits was found to be in the range of 34-60 GPa [24] , and the Young's modulus of Cu-containing deposits in the range of 16-27 GPa [25] . In these reports, measurements of Young's moduli of the EBID materials were considerably lower than those of the inorganic materials commonly tested. Further evidence that the finite stiffness of nanoscale clamps will affect measured mechanical response is the demonstrated effect of EBID clamp size on the Young's modulus measured using resonance techniques [26] . Despite the widespread use in the vast majority of reports on nanowire and nanotube modulus, to our knowledge no work has directly demonstrated the range of distinct apparent nanowire behavior resulting from improper consideration of tensile boundary conditions, quantitatively measured the contact stiffness of these clamps as deposited on tensile testing specimens, or provided guidelines for a proper clamp stiffness necessary for accurate measure of Young's modulus in nanowires.
In this paper, we employ MEMS-based tensile testing and DIC to directly measure strain in Si, Pd, and Ge 2 Sb 2 Te 5 nanowires clamped with electron-beam deposited Pt-and W-containing clamps. By comparing the direct and nominal measurements of strain to calculate real and effective Young's moduli, respectively, we determine the stiffness of the clamps and their influence on the measured mechanical response of the nanowires. We furthermore show that accuracy of measured nanowire properties is dependent on nanowire geometry and clamping configuration but not measurably on electron-beam parameters used for deposition or metal content of the clamp.
Experimental methods
The MEMS device shown in figure 1 was used to perform uniaxial tensile tests on individual inorganic nanowires. Displacement was applied by a suspended thermal actuator and load was determined by measuring the displacement of a compound flexure beam system with a stiffness of 44 N m −1 . Trenches were milled into the grips of the device using a focused ion beam (FIB) to facilitate proper alignment of the specimen with the device. Individual single-crystal nanowires of Si (vapor-liquid-solid-grown, 111 -oriented purchased from Sigma Aldrich, as well as top-down fabricated, 100 -oriented patterned using electron-beam lithography and etched following the methods of [27, 28] ), Pd ( 110 -oriented [19] ), and Ge 2 Sb 2 Te 5 ( 1010 -oriented [29, 30] ) were harvested inside an SEM from their as-grown or as-deposited state by attaching a nanomanipulator to a single nanowire using a small amount of Pt-containing EBID material (precursor of methylcyclopentadienyl platinum trimethyl). The isolated nanowires were then aligned to the grips of the MEMS device, lowered into the trenches (except specimens Si B and F and Pd D, E, and H, which were placed flat on the grips), and clamped using EBID ( figure 1(b) ). Pt-or W-containing (precursor of W(CO) 6 ) clamps were deposited a Tungsten-containing deposition used for clamping. All other clamps were platinum-containing.
at 2-20 kV accelerating voltages and 40 or 420 pA (for Pt deposition) or 560 pA (for W deposition) beam currents at room temperature. These precursor materials and deposition conditions are known to produce carbon-rich deposits with Pt content varying from 5 to 16 at.% [31] . In the case of W, the reported metal content for 5 kV accelerating voltage and 1.6 nA beam current-3 times the beam current used here-is about 35 at.% [32] . The deposition time was chosen to produce clamps with thicknesses that exceeded the nanowire diameter. Clamp widths ranged from 0.5 to 1.5 µm and lengths along the wire ranged from 0.3 to 1.8 µm.
Once secured, the nanomanipulator was retracted, breaking the relatively weaker bond between the manipulator and the wire without applying stress to the specimen gage section. Details of the wire materials, dimensions, EBID conditions, and clamping configurations are summarized in table 1. In order to measure load and displacement using digital image correlation, contrast-producing markers were deposited using EBID in spot mode on both grips, the substrate, and along the length of the wire spaced far enough apart to prevent load bearing ( figure 1(c) ). Strain rates between 10 −5 and 10 −4 s −1 were applied and series of SEM images were obtained continuously during in situ testing. Displacements of the markers placed on the wire, the actuator, the load cell, and on the substrate beneath the suspended grips were determined from DIC of the SEM image series with resolution better than 0.1 pixels or 1 nm. Engineering strain in the nanowire was measured from displacement gradients ( figure 1(d) ) obtained from markers placed directly on the nanowire, while the effective engineering strain was measured from the relative displacements of the two grips and the original gauge length. Measurements of the apparent modulus before and after depositing markers directly on the wire showed no change, indicating that any stiffening due to spot deposition was negligible. Displacements of the load cell, and hence the forces, were determined from the relative displacements of the load cell-side grip and the substrate (from intentionally placed reference markers). Stress-strain curves demonstrating the repeatability of the measured response using the direct measurement of strain on a single 110 Pd wire are shown in figure 2(a) via two consecutive load-unload cycles and subsequent loading to fracture. Young's moduli were measured from the unloading portions of the stress-strain curves to avoid incorporation of microplasticity in the measured values. In the case of Pd, which shows pronounced nonlinear elasticity [14] , the Young's moduli were measured in the small strain limit.
Results and discussion
The diversity of the apparent tensile response in several inorganic nanowires is highlighted in figure 2(b) via representative stress-strain curves. Several distinct manifestations of the role of clamp deformation were measured. The Pd nanowire shown exhibits an apparent difference in modulus using the two strain measurement approaches, although linear elastic behavior is measured with both strain measurement methods, suggesting a low clamp stiffness relative to the nanowire. In contrast, both slight and extreme apparent hysteresis is detected in the Si and Ge 2 Sb 2 Te 5 stress-strain curves, respectively, that vanishes or diminishes in the stress-strain curves obtained from direct strain measurements. This discrepancy can be attributed to permanent deformation of the clamping material or sliding of the nanowire within the clamp. Without a direct measurement of strain, such stress-strain curves could be improperly interpreted as indicating plastic deformation in the nanowires, when in fact the true material deformation remained entirely (Si) or mostly (Ge 2 Sb 2 Te 5 ) elastic. It is important to note that the stress-strain curves shown in figure 2(b) do not indicate the behavior observed in all nanowires of a particular material system. Specifically, slight hysteresis was observed in some measurements of Pd nanowires, and not all Ge 2 Sb 2 Te 5 nanowires exhibited large hysteresis.
The occurrence of apparent hysteresis in the stress-strain response of many of the tested nanowires, as quantified by measurements of the residual strain upon unloading, can be ascribed to two potential mechanisms. The first is plastic deformation of the clamping material, which would Figure 3 . Ratio of apparent to direct measurements of Young's moduli during tensile testing of three different inorganic nanowires versus ratio of contact to wire stiffness. Open symbols denote flat-geometry contacts. The shaded region denotes the optimal range where measurements using remote displacement sensing modes give a value of E apparent that are within 10% of E direct according to equation (1) .
be expected to scale with the load transferred by the nanowire to the clamping material. However, measurements of the residual grip displacement (contributing to hysteretic behavior) normalized by the total applied displacement show an inverse correlation. For instance, contacts used for Si and Ge 2 Sb 2 Te 5 nanowires had similar interfacial areas, yet Si nanowires showed the lowest hysteresis despite incurring the largest forces during testing. A second proposed mechanism is interfacial sliding (i.e. pull out) of the nanowire relative to the grips, which presumably depends on the nature of the interfacial bonding. Indeed, the normalized residual displacements showed differences between the three materials ( figure 2(c) In addition to measurements of plastic deformation in the clamps, we can determine elastic deformation via measurements of the effective and actual Young's moduli. The mean single contact stiffness may be calculated as
where k apparent = AE apparent /L and k wire = AE direct /L, with A and L the cross-sectional area and length of the nanowire, respectively, and E apparent and E direct the moduli determined using the strain from grip displacement and the directly measured strain, respectively. This model provides insight on the influence of the contact stiffness on the apparent elastic response. Namely, the ratio of contact to nanowire stiffnesses must be greater than 18 to yield better than 90% accuracy in measurement of Young's modulus (approximately within our experimental uncertainty considering force and area measurement, see [14] ), as shown in figure 3 . The resulting stiffnesses, moduli, and errors for Si, Pd, and Ge 2 Sb 2 Te 5 nanowires using the two methods of measuring strain are summarized in table 1. By varying the nanowire material and geometry we achieved nanowire stiffnesses that varied by over an order of magnitude (0.07-2.4 kN m −1 ). In total, we found that clamp compliance led to errors in modulus greater than 10% for 14 out of the 17 samples tested, while errors less than 10% were only observed for nanowires with stiffness below approximately 0.3 kN m −1 . Contact stiffness was found to be invariant with load for each test, and displayed no correlative trends with contact length along the wire, accelerating voltage during deposition, or nanowire material. Surprisingly, no strong correlation was measured between contact stiffness and beam power, which is known to control the overall metal content in such deposits.
Direct strain measurements yielded Young's moduli for Si 111 and 100 that are in excellent agreement with the bulk values (188 and 130 GPa, respectively). Size effects on the elastic behavior would be expected to be negligible for Si nanowires with the diameters tested. Indeed, Zhu et al found that nanowire modulus was constant for diameters above 40 nm [18] , consistent with our finding of size-independent elastic behavior for our range of sizes. The notable outlier is Si F, a 111 nanowire with a measured E direct of 219 GPa, which was due to poor out-of-plane alignment observed in tilted SEM imaging, resulting in an artificially low strain measurement. Nevertheless, E apparent for this specimen was still 20-39% lower than E direct due to deformation of the clamp, reinforcing the compounding effects of contact compliance. All other tested wires did not show evident signs of such misalignment. We next consider the behavior of Ge 2 Sb 2 Te 5 nanowires. As this study represents the first report on the mechanical behavior of such nanowires, we compare our results with measurements of the biaxial modulus of Ge 2 Sb 2 Te 5 thin films giving Young's modulus of 26 [33] to 32 [34] GPa (assuming a Poisson's ratio of 0.3), slightly lower than our nanowire measurements. The error in modulus measurements for these wires are much lower than for Si due to the decreased nanowire modulus and hence stiffness. With Pd nanowires, the small-strain directly measured moduli for these wires agree well with the bulk Young's modulus of 110 Pd (136 GPa) for nanowire diameters greater than 70 nm, where size-dependent elastic behavior is not expected to arise. Below 70 nm, direct strain measurements show increasing Young's modulus in the Pd nanowires that is a material effect, as discussed in detail in [14] . The Pd nanowires exhibited the largest range in contact stiffness and hence in Young's modulus error.
For all wires in which the clamping geometry was flat, the contact stiffness was approximately equal to (in the case of Si) or greater than or equal to (up to an order of magnitude in the case of Pd) that of the trenched geometry contacts. We ascribe this to the lack of contact in the trenched geometry between the nanowire and the grips such that they were surrounded on all sides by EBID material (see figure 4) . For Pd nanowires, using a flat clamping geometry sufficiently increased the clamp stiffness such that E apparent was within 1% of E direct . However, for the Si nanowires, which were much stiffer, the error in measured modulus in the flat clamping configuration was still over 29%. Manipulating a nanowire to the trench geometry is generally more efficient and results in better alignment of the nanowires to the tensile axis, but only one of the trench-geometry tests shown here had error less than 10%.
This motivated several attempts to improve the stiffness of the trenched contacts. A common strategy within the electrical testing community is to improve contacts (i.e. increase electrical conductivity) by increasing their metal content. It has been shown that the resistivities of EBID deposits of a given material depend on electron accelerating voltage and beam current, which is ascribed to the primary influence of metal content [23, 31, 35] . Low electrical resistivity implies a percolating metal network, which would suggest an increase in contact stiffness since metals are stiffer than the surrounding amorphous carbonaceous matrix. For Pd F, Pt clamps were deposited at 2 kV and 420 pA, which has been reported to increase the metal content from approximately 5 at.% (10 or 20 kV and 40 pA) to 16 at.% [31] , below the threshold of 30% by volume (approximately 17 at.%) for a percolating network [36] but sufficiently high to expect a lowering of electrical resistivity by as high as a factor of 4 [37] . Si E was clamped with W-containing EBID material, which is reported (albeit for much larger beam currents than employed in the current study) to have a metal content over 35 at.% [32] , notably above the percolation threshold. Furthermore, bulk W has a Young's modulus more than double that of Pt. Further attempts included annealing a device with Si A (see table 1) attached in oxygen at 300 • C for 10 min to increase the metal concentration of the clamp following the methods of Botman et al [38] , which has been shown to decrease the resistivity of the deposits by three orders of magnitude by removing the insulating carbon matrix from between the Pt crystallites such that the metal content rises above the percolation threshold. Since the annealing step removed most of the contact material, additional material was then deposited on top, resulting in a contact with a significantly higher overall metal content. Taking these methods as a whole, no trend in contact stiffness with increased metal content was measured, implying that the percolation thresholds for electrical and stiff mechanical connectivity are indeed distinct. This suggests that the stiffness of these organometallic composite contacts is dominated by the organic matrix, consistent with the findings of Utke et al [39] .
Since varying electron power density has been shown to affect deposition rate and metal content and furthermore shows a saturation in the metal content achievable in typical electron microscopes [31] , the implication is that the elastic stiffness of the EBID material itself is inherently limited (unlike the contact strength as discussed earlier), and so the geometry of the deposit must be considered. Accordingly, the lengths of the contacts along the axes of the wires were varied for Si, but the contact stiffness showed no apparent relationship with contact length. Similarly, varying contact width from 470 nm for Pd C to 700 nm for Pd A resulted in nearly identical contact stiffnesses.
On the whole, these limitations on the maximum contact stiffness imply that accurate measurements of Young's modulus are favored on longer or thinner, and therefore more compliant, nanowires. The lowest measured contact stiffness was 0.57 kN m −1 ; taking this as the minimum possible contact stiffness, the nanowire stiffness must be less than 0.03 kN m −1 to yield better than 90% accuracy in modulus measurement. For a nanowire with Young's modulus 100 GPa and diameter 100 nm, this implies a minimum gauge length of approximately 25 µm, longer than typical tensile testing specimens. This may explain the large scatter in the reported Young's moduli among distinct testing methods, as especially evident where tensile testing yields the lowest measured modulus [20] or is systematically lower than bulk values [10, 11] . Although usage of the apparent strain will only yield values of Young's modulus that are lower than the actual values, it is important to note that observation of nanowire moduli that are higher than bulk does not necessarily indicate that clamp effects are negligible. Indeed, in the case of Pd D, the apparent modulus was higher than bulk, whereas the actual modulus was higher still owing to size-dependent elasticity [14] . When a sufficiently compliant sample cannot be prepared, local strain measurements such as the method we have described here, selected area diffraction [9] , or Raman spectroscopy [40] [41] [42] [43] , should be used. Other methods of attaching nanowires to tensile testing setups should also be considered, e.g. deposition of pure metal or semiconductor contact materials by evaporation through a shadow mask, co-fabrication of specimens directly onto testing apparatuses [44] , or nanoscale spot welding [45] [46] [47] .
Conclusion
In summary, we have shown that the EBID clamps commonly used for nanoscale tensile testing have stiffnesses that are approximately on the order of the stiffness of inorganic nanowire specimens commonly tested. As a consequence, inconsistent and significant errors-as high as 39% and as low as 1%-are introduced in measurements of displacement and hence strain and Young's modulus, with a strong dependence on the stiffness of the sample and the geometry of the clamp. Furthermore, permanent clamp deformation resulted in nominal stress-strain curves that incorrectly indicated plastic deformation in the nanowires. We have demonstrated that a local measurement of strain is a necessity for mechanical testing when EBID clamps are used. Our work may explain anomalous behaviors and discrepancies between nanowire moduli measured using grip displacement and provides guidelines for the nanowire and clamp stiffnesses needed to achieve acceptable errors in measurements of strain.
